Introduction {#sec1}
============

Protein folding in the endoplasmic reticulum (ER) is monitored by stringent quality control mechanisms that prevent release of immature or misfolded ER client proteins to travel further along the secretory pathway. Notable examples include the binding-and-release cycles of BiP, recognizing exposed hydrophobic stretches at the surface of nonnative conformers, and of calnexin/calreticulin, which exploit glucosylation status of N-linked glycans on ER client proteins to exert quality control ([@bib9]). ER client proteins are rich in intra- and intermolecular disulfide bonds that are generally essential for their function. Numerous oxidoreductases reside in the ER to catalyze oxidative protein folding ([@bib10]). Also the process of disulfide bond formation is intimately linked to the quality control systems that prevent nonnative conformers to exit from the ER ([@bib1]).

The same mechanisms that exert ER quality control on the folding of subunits also monitor certain steps in their oligomeric assembly. For instance, in the case of antibodies, BiP binds the first constant domain (CH1) of Ig heavy chain (H) and thereby retains it in the ER until it is displaced by the Ig light chain (L) to assemble into H~2~L~2~ structures, called "monomers" in the immunological jargon ([@bib11]; [@bib15]; [@bib16]). The assembly process of μ~2~L~2~ monomers into IgM pentamers---(μ~2~L~2~)~5~J---and hexamers---(μ~2~L~2~)~6~---is favored by ERGIC-53 ([@bib4]), which resides preferentially in the ER-to-Golgi intermediate compartment (ERGIC) ([@bib33]).

Interaction of μ~2~L~2~ monomers with ERGIC-53 occurs upon release by BiP ([@bib4]), suggesting that these assemblies escape from the grasp of ER quality control and travel to more distal compartments of the early secretory pathway ([@bib8]). This notion is perhaps not so surprising, as the μ~2~L~2~ monomers, even if not polymerized, are correctly folded and partially assembled and therefore no longer substrate to the ER chaperoning machinery. The only sign that betrays their unpolymerized state is the free tail-piece cysteine, which in mature IgM polymers is disulfide linked to corresponding cysteine residues in other μ~2~L~2~ monomers ([@bib36]). Members of the PDI family of oxidoreductases associate with free cysteines of orphan assembly subunits and thereby facilitate their so-called thiol-mediated retention ([@bib12]; [@bib31]; [@bib36]).

We previously identified ERp44 as a PDI family member that covalently binds Ero1 oxidases and facilitates their intracellular localization ([@bib2], [@bib3]; [@bib28]). ERp44 is special for having a single cysteine (C29) in its conserved active site (CRFS), consistent with a dedicated role in thiol-mediated retention not only of Ero1 oxidases but also of orphan subunits of otherwise disulfide-linked oligomers, including IgM ([@bib3], [@bib4]) and adiponectin ([@bib30]; [@bib38]). Moreover, ERp44 localizes predominantly to the ERGIC ([@bib4]; [@bib14]), unlike other PDI family members, which reside in the ER ([@bib10]). Still, the C-terminal −RDEL motif of ERp44 allows its capture by KDEL receptors (KDEL-R) in distal stations of the early secretory compartment, presumably for retrieval to the ER ([@bib3]). It is yet unclear how ERp44 cycles between its predominant localizations in the distal early secretory pathway and the ER, and how such cycling would relate to thiol-mediated retention.

Here we show that the pH gradient between cisGolgi and ER controls association of ERp44 both with its clients and with the KDEL-R. Our results suggest a model in which the simultaneous unmasking of the client and KDEL-R binding interfaces is facilitated by dislocation of the ERp44 C-terminal tail (C-tail), which in turn likely involves protonation state of the active site cysteine (C29) at cisGolgi-equivalent pH. As such, both ERp44 activity and its shuttling between the ER and cisGolgi are pH regulated to drive a quality control cycle dedicated to the surveillance of secretory protein assembly.

Results {#sec2}
=======

pH-Dependent Regulation of ERp44 Activity {#sec2.1}
-----------------------------------------

ERp44 associates with its client proteins via disulfide linkages to residue C29 in the active site and noncovalent interactions with the surrounding hydrophobic patches at the substrate-binding site ([@bib3]; [@bib39]). In the ERp44 crystal structure ([@bib39]), however, the substrate binding site is shielded from the solvent by the C-tail that submerges into a groove delimited by the a and b′ domains (see also [Figure 4](#fig4){ref-type="fig"}A).

The pH gradient existing in the early secretory pathway ([Figure 1](#fig1){ref-type="fig"}A, top panel) regulates ERGIC-53 ([@bib6]), a glycoprotein transporter lectin that shares several clients with ERp44, including IgM ([@bib4]). pH also regulates the in vitro binding of peptides to KDEL-R ([@bib40]), which prevent ERp44 secretion ([@bib3]). We thus surmised that the ERp44 structure, obtained from crystals grown at pH 7.5, most likely corresponds to an *off* conformation of the protein, found in the pH-neutral ER. Arrival into the distal, more acidic stations of the early secretory pathway, namely ERGIC and cisGolgi, could entail exposure of the substrate binding site ([Figure 1](#fig1){ref-type="fig"}A). We therefore assessed pH-dependent ERp44 C-tail rearrangements in vitro by 1-anilinonaphthalene-8-sulfonate (ANS) binding fluorescence spectroscopy ([@bib34]). Consistent with the exposure of hydrophobic surfaces in ERp44, the ANS fluorescence peak was blue-shifted and enhanced when the pH was lowered from 7.5 to 6.5 ([Figure 1](#fig1){ref-type="fig"}B, top panel). This hypsochromic effect was largely abolished for a mutant in which we had engineered a disulfide bond between C29 and the C-tail (T369C, lower panel) to restrict its movements ([@bib39]), unless the engineered disulfide bond was disrupted with the reducing agent DTT ([Figure 1](#fig1){ref-type="fig"}B). We concluded that accessibility of ERp44's substrate binding site involves pH-dependent dislocation of the C-tail.

Next, we monitored reactivity of the active site C29 as a function of pH and found that ERp44 bound more polyethylene glycol 2000-modified maleimide (MalPEG) as the pH was lowered from 8.0 to 6.0 ([Figure 1](#fig1){ref-type="fig"}C), with 50% MalPEG binding at pH 6.6 ([Figure 1](#fig1){ref-type="fig"}C, right panel, red dots). MalPEG binding faithfully reported on C29 reactivity, since its substitution with serine almost abolished binding. The residual binding observed in C29S involved residue C63 ([Figure 1](#fig1){ref-type="fig"}C, right panel, turquoise dots), as indicated by the absence of mobility shifts in the double mutant C29S-C63A ([Figure 1](#fig1){ref-type="fig"}C). Importantly, MalPEG binding to C29S was not influenced by pH. This finding excludes the possibility that the results obtained with ERp44 WT reflected pH dependence of MalPEG reactivity ([@bib21]). The T369C mutant did not bind MalPEG, reflecting the constitutive engagement of C29 in a disulfide bond with C369 ([Figure 1](#fig1){ref-type="fig"}C; [@bib39]). Taken together, these results indicate that both C29 and the surrounding hydrophobic substrate binding site become more exposed at pH values similar to those encountered downstream of the ER.

C-Tail Rearrangements Determine Accessibility of the −RDEL ER Retrieval Motif {#sec2.2}
-----------------------------------------------------------------------------

Although the −RDEL motif was not resolved in the crystal structure ([@bib39]), we reasoned that its accessibility would be limited by the adjacent domain a when the C-tail is in a closed conformation, in turn hindering its availability to KDEL-R. Indeed, the "tail-locked" T369C mutant was secreted at levels comparable to a mutant lacking the −RDEL motif (ΔRDEL) ([Figure 2](#fig2){ref-type="fig"}, upper panels). Insertion of a spacer peptide (FLAG) immediately upstream of the RDEL tetrapeptide---to let it protrude from the protein---increased retention of the T369C mutant to levels similar to those for ERp44 WT with the FLAG insert ([Figure 2](#fig2){ref-type="fig"} lower panels). The finding that FLAG-tagged ERp44 (whether WT or T369C mutant) was less well retained than "FLAG-less" ERp44 WT may reflect that RDEL recognition by KDEL-R depends in part on its context. Indeed, in ERp44 the sequence upstream of RDEL is remarkably conserved in metazoans (data not shown). In all, these data support the notion that an "open and flexible conformation" of the C-tail increases accessibility of the −RDEL retrieval motif to its cognate receptors.

ERp44 Retains Clients in the Early Secretory Compartment in a pH-Regulated Manner and Thereby Patrols Oligomeric Assembly of Disulfide-Linked Secretory Proteins {#sec2.3}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

Having demonstrated in vitro that accessibility of the ERp44 active site is pH regulated, we set out to analyze pH dependency of ERp44 activity in vivo. To this end, we silenced expression of the Golgi pH regulator (GPHR) ([@bib20]), which specifically raised the pH in the cisGolgi by ≥0.4 units ([Figure 3](#fig3){ref-type="fig"}A). In line with our in vitro findings, neutralizing the ER-cisGolgi pH gradient inhibited ERp44 reactivity with its partners/substrates, as is evident from the GPHR silencing-induced decrease of ERp44 being engaged in disulfide-linked complexes ([Figure 3](#fig3){ref-type="fig"}B). Consistently, thiol-mediated retention of ERp44 client proteins was inhibited upon GPHR silencing, as indicated by increased secretion of overexpressed Ero1α ([Figures 3](#fig3){ref-type="fig"}C and 3F and see [Figure S2](#app2){ref-type="sec"} online), adiponectin (APN, [Figures 3](#fig3){ref-type="fig"}C and 3F), and IgM assembly intermediates ([Figures 3](#fig3){ref-type="fig"}D and 3F).

Intracellular retention of Ero1α is a task that ERp44 shares with PDI, and overexpression of either ERp44 or PDI enhances Ero1α retention ([@bib3]; [@bib28]) ([Figure 3](#fig3){ref-type="fig"}C and [Figure S2](#app2){ref-type="sec"}B). GPHR silencing strongly subdued this enhanced Ero1α retention when ERp44 was overexpressed, but much less so in the case of PDI overexpression ([Figure 3](#fig3){ref-type="fig"}C). Secretion of proteins that are not ERp44 clients, like α1-antitrypsin (α1AT) or a soluble GFP engineered for entry into the secretory pathway (sGFP), was also unaffected by raising the cisGolgi pH ([Figures 3](#fig3){ref-type="fig"}E and 3F). We concluded that ERp44-mediated retention in particular relies on the ER-cisGolgi pH gradient. Accordingly, retention of unassembled monomeric Ig-μ chains, which is mediated not by ERp44 but by the chaperone BiP, was pH insensitive ([Figures 3](#fig3){ref-type="fig"}D and 3F). Only when the CH1 domain, which is important for BiP binding ([@bib15]; [@bib18]), is deleted (μΔCH1) or engaged in interactions with Ig-L chains (as in μ~2~λ~2~ complexes) does ERp44 become the primary retainer of the Ig-μ chains, and hence their retention becomes pH dependent ([Figures 3](#fig3){ref-type="fig"}D and 3F).

Retention of sGFP-RDEL was pH insensitive ([Figure 3](#fig3){ref-type="fig"}E), as expected for a protein that lacks free cysteines and hence is not an ERp44 client. This finding implies at the same time that KDEL-R function, which is crucial for sGFP-RDEL retention, is not corrupted despite the rise in cisGolgi pH. Likewise, ERp44 was retrieved by KDEL-R despite GPHR silencing ([Figure S2](#app2){ref-type="sec"}B), whereas this treatment allowed secretion of ERp44 client proteins ([Figure 3](#fig3){ref-type="fig"}F). Perhaps a partial C-tail opening in distal stations of the secretory pathway, which are less affected by GPHR silencing ([@bib20]), is sufficient for KDEL-R recognition but not for client binding.

The Reactive Site Cysteine 29 Is a Key Element in pH Regulation of C-Tail Opening and ERp44 Activity {#sec2.4}
----------------------------------------------------------------------------------------------------

Considering that the conformational changes that facilitate C-tail dislocation are induced by lowering the pH as ERp44 travels to the cisGolgi, we surmised that a protonation event may lie at the basis of the switch between the *on* and *off* conformations of ERp44. To explore this notion, we analyzed the crystal structure of ERp44 with the C-tail in the closed conformation using the program PROPKA3, a state-of-the-art semiempirical method that evaluates pKa values of ionizable residues starting from protein structures ([@bib19]; [@bib26]; [@bib27]). The most striking feature that emerged from the PROPKA3 analysis was the downward shift of the pKa of C29. Its predicted value of 7.7 units ([Table 1](#tbl1){ref-type="table"}) is significantly lower than the reference value for free cysteine in solution (9.0). This shift is mainly ascribed to the propensity of the neighboring side-chain hydroxyls of S32 and T369 and the main-chain amides of residues F31, S32, and T369 ([Table 1](#tbl1){ref-type="table"} and [Figure 4](#fig4){ref-type="fig"}B) to form hydrogen bonds with C29 when in the thiolate form. Likewise, electrostatic interactions with the R98 side chain stabilize the thiolate form of C29 ([Table 1](#tbl1){ref-type="table"}). Based on this pKa value, a significant percentage of C29 would be in the thiolate form (41%) at pH 7.5 ([Figure 4](#fig4){ref-type="fig"}B and [Table 1](#tbl1){ref-type="table"}). Conversely, only 6.5% of C29 was predicted to be in the thiolate form at pH 6.5 ([Table 1](#tbl1){ref-type="table"}).

When we removed the β16 strand from the crystal structure in silico, simulating an "open" C-tail conformation of ERp44, the calculated pKa of C29 raised to 7.8 ([Table 1](#tbl1){ref-type="table"}). The effect was even more pronounced in sample structures at the end of molecular dynamics simulations of this Δβ16 model. As a consequence of a greater solvent exposure, loss of hydrogen bonding to T369, and an increased distance to the side chains of both S32 and R98, C29 had a calculated pKa of 8.7, implying that only a small percentage (6%) of C29 is in the thiolate form at pH 7.5 ([Table 1](#tbl1){ref-type="table"} and [Figure 4](#fig4){ref-type="fig"}C).

Based on our in silico analyses, we mutated the residues predicted to affect the pKa of C29 in ERp44. Altering the side-chain groups such that they could no longer contribute to the stabilization of the thiolate form of C29 through hydrogen bonds or electrostatic interactions (S32A, R98Q, or T369A) indeed rendered ERp44 constitutively accessible to MalPEG and abolished the pH sensitivity of the reaction ([Figure 4](#fig4){ref-type="fig"}D). Deletion of strand β16 gave similar results ([Figure 4](#fig4){ref-type="fig"}D), supporting the notion that the S32A, R98Q, and T369A substitutions similarly led ERp44 to adopt the "open" C-tail conformation.

We then analyzed whether the enhanced accessibility of the ERp44 active site in the various mutants correlated with its affinity toward substrates. In surface plasmon resonance (SPR) assays ([@bib23]), ERp44 WT showed a pH-dependent reactivity toward Ero1α, having a higher affinity for its partner at pH 6.5 than at pH 7.5 ([Figure 4](#fig4){ref-type="fig"}E). All the mutations that resulted in constitutive and pH-independent MalPEG binding of ERp44 made it also less pH dependent in SPR assays and increased its affinity for Ero1α ([Figure 4](#fig4){ref-type="fig"}E). The effect was weakest for the R98Q mutant, in agreement with the modest contribution of this arginine in stabilizing the thiolate form of C29 ([Figure 4](#fig4){ref-type="fig"}C).

In summary, our data indicate that C29, S32, R98, and T369 are components of the ERp44 pH-sensing mechanisms. The predicted pKa of C29 approaches neutral pH due to the interaction of its side chain with the surrounding residues, suggesting that its protonation, when ERp44 encounters the lower pH in the cisGolgi, is a key event for C-tail opening, and, hence, exposure of the substrate binding site.

pH Sensing by ERp44 In Vivo {#sec2.5}
---------------------------

We then further substantiated our findings on the mechanisms mediating ERp44 pH sensitivity by analyzing the phenotype of the above mutants in vivo. In line with the in vitro results, mutation of the residues expected to affect the pKa of C29 (S32, R98, and T369) dramatically increased the tendency of ERp44 to form covalent complexes with client and partner proteins, reaching levels comparable to a mutant lacking the whole β16 strand (see [Figure 5](#fig5){ref-type="fig"}A and [Figure S3](#app2){ref-type="sec"}A). This was particularly evident when anti-HA antibodies were used to selectively analyze the behavior of the overexpressed transgenes ([Figure S3](#app2){ref-type="sec"}A). We concluded that the S32A, R98Q, and T369A mutations increased the accessibility of C29 also in vivo, likely reflecting a more "open" conformation of the C-tail. In further support of our model, pH sensitivity of ERp44 activity was lost in all these mutants, since the fraction of molecules covalently bound to client and partner proteins did not decrease upon GPHR silencing in these mutants, as it did instead in ERp44 WT ([Figure 5](#fig5){ref-type="fig"}A). In addition, the activity of these mutants in retaining adiponectin was no longer sensitive to basification of the cisGolgi ([Figure 5](#fig5){ref-type="fig"}B and [Figure S3](#app2){ref-type="sec"}B). Similar results were obtained also on Ero1α secretion (data not shown). Therefore, pH sensitivity is severely reduced when the critical residues S32, R98, and T369 are mutated and, consequently, the predicted C29 pKa is raised over neutral values.

Discussion {#sec3}
==========

The pH gradient between ER and Golgi may serve multiple roles in the cell, such as calibrating activity of lectins and Golgi glycan-modifying enzymes ([@bib29]). We have shown here that the pH gradient is exploited also for regulating quality control and secretion of a selection of key proteins. pH-regulated opening of ERp44's tail determines both client capture and KDEL-R-mediated retrieval. Thus, ERp44 governs a pH-regulated protein quality control cycle shuttling between cisGolgi, where ERp44 engages its clients, and the ER, where they must be released and where ERp44's C-tail presumably closes to occlude the client binding active site. Our in vitro MalPEG binding studies reveal a midpoint transition for ERp44 at a pH of approximately 6.6, a value similar to that found in the cisGolgi ([Figure 3](#fig3){ref-type="fig"}A). In all likelihood, however, additional mechanisms contribute to the regulation of ERp44 activity in living cells. For instance, interactions with KDEL-R may prevent closing of the C-tail and perhaps provide interaction with additional proteins.

Owing to the fact that the opening of the C-tail is pH dependent, the substrate binding site of ERp44 becomes more accessible progressively from ER to cisGolgi. Client proteins may thus engage ERp44 more proximally or distally along the early secretory pathway, according to their affinity toward the substrate binding site at a given pH. Differences in the pH optimum for ERp44 association may thus account for differences in the intracellular distribution of Ero1α, which is enriched at mitochondrial-associated ER membranes ([@bib5]; [@bib35]) and resides overall more distally in the early secretory pathway, as compared to another ERp44 client, SUMF1, which localizes to the more proximal stations ([@bib13]).

In the crystal structure of ERp44, the active site C29 is buried at the interface between domain a and the C-tail ([@bib39]). The environment in which C29 resides induces a downward pKa shift of this residue toward neutral values, de facto stabilizing the thiolate form of the amino acid. The negative charge of the deprotonated C29 restrains the C-tail movements via hydrogen bonds to S32 and T369 and electrostatic interactions with R98, which also interacts with the tail backbone. Upon entry of ERp44 into the cisGolgi compartment, C29 protonation likely occurs. This event, in turn, weakens C29 interactions with surrounding residues, as a cysteine with a side-chain thiol is less effective in forming the same hydrogen-bonding and long-range Coulombic interactions that the thiolate can maintain. How C29 of ERp44 reacts with clients to form mixed disulfides and whether ERp44 can act alone or requires assistance for this process deserves further investigation.

In line with our model, silencing of ERp44 causes more abundant secretion of many proteins with one or more exposed reactive cysteine, including Ig-μ ([@bib4]; [@bib32]), adiponectin ([@bib38]; [@bib30]), SUMF1 ([@bib13]; [@bib22]), and peroxiredoxin 4 (T. Kakihana, K. Araki, S.V., I. Shun-ichiro, M.C., C.F., T. Natsume, R.S., and K. Nagata, unpublished data). Similarly, upon neutralization of the Golgi pH, ERp44 substrates like Ero1α, adiponectin, and IgM subunits are secreted more abundantly, presumably because the active site of ERp44 remains largely inaccessible. However, ERp44 itself is efficiently retained intracellularly. This observation suggests that ERp44 could partially open the C-tail, exposing its −RDEL, and interact with KDEL receptors without binding client proteins through an as-yet-unknown mechanism.

ERp44 receives substrates from, and associates with, ERGIC-53 ([@bib4]), a lectin that also embraces glycoproteins released by the calnexin/calreticulin quality control ([@bib9]). The ERp44-ERGIC-53 tandem may thus integrate thiol-mediated and glycan-trimming-dependent ER quality control cycles. Similarly, we have shown that upon displacement by Ig-L, BiP no longer warrants retention of orphan Ig-H chains but leaves this role to ERp44 instead. ERp44 indeed is strongly upregulated in the course of B cell differentiation ([@bib37]; [@bib4]) to help avoid release of incompletely assembled IgM, which would jeopardize the efficiency of the humoral immune response. The ERp44 assembly control cycle thus embodies the last-resort quality control mechanism to prevent the untimely exit from the early secretory compartment of orphan subunits of otherwise disulfide-linked oligomeric secretory proteins.

Experimental Procedures {#sec4}
=======================

Constructs {#sec4.1}
----------

The cDNA encoding human ERp44 without the signal sequence was amplified by PCR and cloned into pET28 vector (from Novagen) at NheI and XhoI sites. The recombinant form of ERp44, which was overproduced in *E. coli*, lacks the −RDEL motif at the C terminus. Vectors for expression of HA-ERp44 in mammalian cells were previously described ([@bib2]). Mutants were obtained by polymerase chain reaction (PCR) or site-directed mutagenesis (SDM) ([Table S1](#app2){ref-type="sec"}). Human ERp44-FLAG-RDEL was a kind gift of Professor K. Nagata (Kyoto-Sangyo University). The construct encoding the GPP130 pHluorin probe was a kind gift of Dr. J.E. Rothman (Center for High Throughput Cell Biology, Yale University). Plasmids encoding α1AT and adiponectin were kindly provided by Drs. R.N. Sifers (Baylor College of Medicine) and P. Scherer, respectively. pcDNA3.1-sGFP was obtained by appending the signal peptide of uromodulin to EGFP. Constructs were fully sequenced before utilization. Plasmids encoding WT and mutated secretory Ig-μ chains (μ~s~ and μΔCH1) were described in detail previously ([@bib7]; [@bib24]).

Biochemical Techniques {#sec4.2}
----------------------

The purification of wild-type and mutant ERp44 and Ero1α was performed as described ([@bib17]). The association and dissociation rate constants (k~ON~ or k~OFF~) for the direct binding of ERp44 to immobilized Ero1α were determined by SPR measurements on a BIACORE2000 system (GE, Healthcare), in the presence of 1 mM GSH and 0.25 mM GSSG as described ([@bib17]). Experiments were replicated at least three times. Hyperactive Ero1α (with cysteines 104, 131, and 166 replaced by Ala) was used in SPR assays to limit variations caused by the autoregulatory mechanisms controlling Ero1α activity ([@bib17]). ANS fluorescence spectra were recorded in 1 cm cuvettes on a Hitachi F-4500 spectrofluorometer. ERp44 and mutants (5 μM) were mixed with 100 μM ANS in 20 mM Tris-HCl (pH 7.5) or MES (pH 6.5) containing 150 mM NaCl with or without 10 mM DTT and incubated at 293 K for 10 min.

Pulse-Chase, Immunoprecipitation, Western Blotting, and Densitometric Quantification {#sec4.3}
------------------------------------------------------------------------------------

Cells were starved for 5 min in cysteine and methionine-free DMEM (GIBCO, Invitrogen), pulsed for 10 min with (^35^S) cysteine and methionine (Easy Tag, Perkin-Elmer), washed twice, and chased for the indicated periods in complete medium. Cell lysates and supernatants were immunoprecipitated with anti-HA or anti-FLAG antibodies and resolved by SDS-PAGE. Fluorograms or western blot images were acquired with the Chemidoc-it Imaging System (UVP, Upland, CA) or with FLA-900 Starion (Fujifilm Life Science, USA) and quantified with Image Quant 5.2 as described ([@bib4]).

Cell Culture and Reagents {#sec4.4}
-------------------------

Tissue culture, transfection, and silencing were performed as described previously ([@bib4]). Fetal calf serum and cell culture medium were from GIBCO, Invitrogen. Unless otherwise indicated, chemicals were from Sigma. Polyclonal anti-mouse μ and anti-ERp44 (B68) antibodies were purchased from PRIMM srl (Milano, Italy). Rabbit polyclonal anti-adiponectin antibody was a kind gift of Dr. P. Scherer (University of Texas Southwestern Medical Center). Monoclonal anti-GFP (clones 7.1 and 13.1) was purchased from Roche (USA) and polyclonal anti-α1 antitrypsin (NCL A1Ap) from Novocastra. Monoclonal anti-ERp44 antibody (36C9) was previously described ([@bib4]). Goat anti-mouse μ and λ were from Southern Biotechnology Associates, Inc. Goat anti-mouse Ig and anti-rabbit Ig horse-radish peroxidase (HRP) were from Jackson ImmunoResearch Laboratories, Inc. Mouse monoclonal antibodies specific for Myc (9E10), HA (12CA5), and FLAG (M2) were immobilized by crosslinking to protein G and protein A beads, respectively. HRP rabbit anti-mouse IgG (H^+^L) was from Dako Cytomation (Glostrup, CO).

Maleimidyl PEG-2K Modification of rERp44 Cys29 {#sec4.5}
----------------------------------------------

Each ERp44 derivative (5 μM) was incubated on ice for 30 min in various pH buffers containing 100 mM sodium phosphate and 150 mM NaCl, followed by incubation with maleimidyl PEG2K (300 μM) for 10 min at room temperature. The reaction was stopped by the addition of 5% trichloroacetic acid, and the protein pellet was washed with acetone and dissolved in buffer containing 50 mM Tris-HCl (pH 7.0) and 1% SDS before loading onto a reducing SDS gel (10%).

Measurement of Golgi pH by pHluorin Probes {#sec4.6}
------------------------------------------

HeLa cells expressing pME-Zeo-GPP130-pHluorin ([@bib25]) were cultured on glass-bottomed dishes and analyzed under a TCS SP2 Laser Scanning Confocal (Leica Confocal) equipped with an LD laser 405 (405 nm) and a multiline Ar laser (457, 488, and 515 nm) at room temperature. Data acquisition and analysis of intensity ratios (405 nm; 457 nm) were performed as described ([@bib25]). At least 120 regions of interest were analyzed by fluorescence microscopy. Statistical significance was calculated, comparing between conditions indicated by brackets using the two-tailed Student's t test.

RNAi {#sec4.7}
----

Oligonucleotides for RNA interference (Silencer Select predesigned siRNA products) were purchased from Ambion (siRNA ID \#s56768). A final concentration of 20 nM of each oligonucleotide was transfected. Lipofectamine RNAi MAX was from Invitrogen (Carlsbad, USA) and used for silencing in HeLa cells, according to the suppliers' instructions.

In Silico Calculations {#sec4.8}
----------------------

We used the PROPKA 3.0 software (<http://propka.ki.ku.dk>) to predict the pKa value of ERp44 C29 and the role of surrounding amino acids starting from the crystal structure of the entire molecule ([@bib39]; PDB ID code 2R2J) and from in silico models of the Δβ16 mutant. A description of the molecular dynamics simulations is presented in the [Supplemental Information](#app2){ref-type="sec"}.

Supplemental Information {#app2}
========================

Document S1. Figure S1, Figure S2, Figure S3, Table S1, Supplemental Experimental Procedures, and Supplemental References
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![ERp44 Reactivity In Vitro Is pH Dependent\
(A) Model for pH-dependent ERp44 quality control cycling. At neutral, ER-equivalent pH, ERp44 is mainly in an *off* conformation, corresponding to the structure resolved in crystals ([@bib39]) with the C-tail closed. The lower pH in the cisGolgi provokes rearrangements of the C-tail that expose the substrate binding site (C29 in yellow and surrounding hydrophobic stretches in white) and −RDEL motif (depicted as an anchor), thus favoring client and KDEL-R binding, respectively. Capture by the KDEL-R engenders retrograde transport to the ER, where ERp44 may release both KDEL-R and client proteins to engage in further rounds of quality control, cycling through the early secretory pathway.\
(B) pH-dependent conformational changes of ERp44. ANS fluorescence spectra were measured in the presence of recombinant ERp44 WT or the "tail-locked" T369C mutant in the presence or absence of DTT, at the indicated pH values. Exposure of hydrophobic surfaces correlates with increased and blue-shifted ANS fluorescence.\
(C) pH-dependent accessibility of C29 in the substrate binding site. In vitro MalPEG binding causes reduced ERp44 gel mobility and was analyzed at various pH (U = unbound to MalPEG) to determine changes in the accessibility and reactivity of C29. The faint MalPEG-modified band in the C29S mutant is probably due to alkylation of C63, as it is absent in the C29S-C63A double mutant. Also the T369C mutant, in which C29 is bound covalently to C369 in the tail, did not bind MalPEG. At pH 6.6, about 50% of ERp44 WT is bound to MalPEG (see quantification on the right, red dots). Note that MalPEG binding C29S (tourquoise dots) does not change as a function of pH. Data are represented as average of three experiments ±SEM.](gr1){#fig1}

![Rearrangements of the C-Tail Expose the −RDEL Motif\
HeLa transfectants were pulsed with radiolabeled amino acids and chased in cold medium. At the indicated times, aliquots from the lysates (Intracellular) and supernatants (Secretion) were immunoprecipitated and analyzed by gel electrophoresis. Radiographs of a representative experiment are shown on the left; arrows indicate bands corresponding to overexpressed ERp44; the higher molecular weight of secreted ERp44 reflects posttranslational modifications (see also [@bib3], [@bib4]). Intracellular ERp44 levels were quantified from four to six experiments. Mean values and SEM are depicted in the graph shown on the right. Statistical significance was calculated by ANOVA one-way with Bonferroni's post test and indicated by brackets (T369C-FLAG-WT-FLAG, p = 0,041; T369C-T369C-FLAG, p = 0,006). In T369C, formation of a C29-C369 intrachain disulfide limits C-tail movements, likely impeding −RDEL binding to its receptors. Inserting a spacer peptide FLAG tag upstream −RDEL partially restores retrieval. The partial secretion of ERp44 WT upon insertion of a FLAG tag could depend on the acidity of the inserted peptide and/or its binding to the substrate binding site and hence reduced reactivity/accessibility of the −RDEL tetrapeptide.](gr2){#fig2}

![ERp44 Activity In Vivo Depends on the pH Gradient between ER and cisGolgi\
(A) GPHR silencing ablates cisGolgi acidification. The pH in the cisGolgi was measured by organelle-targeted GPP130-pHluorins ([@bib25]), in HeLa cells expressing GPHR-specific or irrelevant siRNA, as indicated. Histograms display mean pH values ± SEM. ^∗^p = 0.001.\
(B) GPHR silencing inhibits the accumulation of covalent complexes at steady state. Lysates of HeLa cells exposed to GPHR-specific (+) or irrelevant (−) siRNA were resolved under nonreducing (NR) or reducing (R) conditions in a 3%--8% acrylamide precasted gradient gel or in a 10% acrylamide gel, respectively. Nitrocellulose was decorated with monoclonal anti-ERp44 antibodies (36C9). As calculated by densitometric quantifications of two similar gels, the amount of ERp44 engaged in covalent complexes decreases by 40% after GPHRi.\
(C and D) GPHR silencing specifically inhibits retention of ERp44 clients. Aliquots from lysates (Intracellular) and culture media (Secretion) were collected from HeLa transfectants expressing Ero1α (C, upper and lower panels), adiponectin (APN; C, midpanel), or Ig-μ, μΔCH1, Ig-λ (D), and subjected (+) or not (−) to GPHRi. ERp44 or PDI was coexpressed with Ero1α or adiponectin as indicated (C). (See also [Figure S2](#app2){ref-type="sec"}.) Samples were analyzed under reducing or nonreducing conditions (C and D, respectively) and analyzed by immunoblotting with relevant antibodies. Bands corresponding to μ, μΔCH1, μ~2~λ~2~, and μΔCH1~2~ are indicated by arrows in (C).\
(E) GPHR silencing does not affect transport of non-ERp44 clients, such as α1-AT or secretory green fluorescent protein extended a C-terminal RDEL peptide (sGFP-RDEL) or not (sGFP). Aliquots of cell lysates (Intracellular) and supernatants (Secretion) were collected and analyzed under reducing conditions.\
(F) To compare the effects of GPHR silencing on the transport of the indicated proteins, the levels of intracellular and secreted proteins were quantified by densitometric analyses of four to ten experiments like the ones shown in (C)--(E) and [Figure S2](#app2){ref-type="sec"}B. The percentage of secretion was then calculated relative to the intracellular pools. Histograms show the mean fold of induction upon GPHR silencing relative to cells treated with irrelevant siRNA ± SEM. Statistical significance was calculated using the paired Student's t test for parametric data. Ero1α, p = 0.038; Ero1α + ERp44 WT, p = 0.001; APN, p = 0.033; APN + ERp44 WT, p = 0.012; μ~2~λ~2~, p = 0.004; μΔCH1, p = 0.040.](gr3){#fig3}

![The Environment around C29 of ERp44 Modulates its pH-Dependent Reactivity at Physiological Values\
(A) Overall structure of ERp44 ([@bib39]), presented in two views related by a 90° rotation around the horizontal axis. The polypeptide folds into three thioredoxin-like domains (a, b, and b′); β strands are shown as arrows and α helices as ribbons. The C-terminal tail is colored in red, and strands β3 and β16 are colored blue and magenta, respectively. In the ERp44 crystal structure, residues of the β3 strand in domain a establish noncovalent interactions with the β16 strand in the C-tail, acting as a "molecular glue" that keeps the C-tail in the closed conformation.\
(B) The panel shows a closer view of the active site C29, at the N-terminal portion of helix α2, highlighting interactions between C29 and neighboring residues shown as a stick models. Hydrogen bonds between polar atoms are shown as dashed lines. The positively charged guanidinium group in the side chain of residue R98 is 7.3 Å from the Sγ of C29.\
(C) Two-dimensional diagrams showing the effect of the different interaction between C29 and amino acid residues on the thiol pKa in the crystal structure of ERp44 (top left panel) and in a representative snapshot from molecular dynamics simulations of the Δβ16 mutant (bottom right panel). The arrows represent interactions that decrease the pKa of C29, and their thickness is proportional to the magnitude of the reduction of C29 pKa by each residue shown (see also [Table 1](#tbl1){ref-type="table"}). The structural rearrangements following β16 removal greatly reduce the effect of the polar interactions on the thiol acidity. Red arrows indicate the interactions between side chains of each residue with C29 (which we could abolish through mutagenesis), while black arrows indicate interactions of C29 with the protein backbone.\
(D) Increased accessibility of C29 in mutants with lower tendency to thiolate formation. The indicated mutants were reacted with MalPEG at different pH and resolved electrophoretically as described in [Figure 1](#fig1){ref-type="fig"}C. All the mutants show increased and pH-independent MalPEG reactivity.\
(E) pH-dependent binding of ERp44to Ero1α. The K~D~ of association between recombinant Ero1α and WT or mutant ERp44 was determined by SPR at pH 6.5 and pH 7.5, as indicated. Histograms display the mean of at least four independent experiments ± SEM.](gr4){#fig4}

![In Vivo Analysis of pH Sensor Mutants\
(A) HeLa transfectants expressing the indicated ERp44 mutants were exposed to GPHR-specific (+) or irrelevant (−) oligonucleotides as described in [Figure 3](#fig3){ref-type="fig"}. Aliquots were resolved under nonreducing conditions and decorated with anti-ERp44 antibodies (36C9) that recognize also endogenous ERp44 (see also [Figure S3](#app2){ref-type="sec"}A). Sensitivity to pH was calculated according to the formula (complexed ERp44/monomeric ERp44 under GPHRi) / (complexed ERp44/monomeric ERp44 under control conditions) ^∗^ 100.\
(B) HeLa transfectants expressing the indicated ERp44 mutants and adiponectin under GPHRi or control conditions were washed and cultured for 4 hr in fresh medium as also described in [Figure S2](#app2){ref-type="sec"}. Aliquots of the lysates (Intracellular) and supernatants (Secretion) were resolved under reducing conditions and decorated with anti-adiponectin (APN) or anti-HA antibodies, which recognizes only transfected ERp44. One out of three independent experiments is shown for ERp44 WT and mutant Δβ16. Similar experiments were performed with other mutants (see also [Figure S3](#app2){ref-type="sec"}). The graph shows the pH sensitivity of adiponectin retention \[(secreted APN / intracellular APN under GPHRi) / (secreted APN / intracellular APN under control conditions) ^∗^ 100 relative to the value obtained with ERp44 WT\]. Data are represented as average of greater than or equal to three experiments ± SEM, and statistical significance was calculated using the Student's t test for parametric data. S32A, p = 0.041; T369A, p = 0.052.](gr5){#fig5}

###### 

Modulation of the pKa of C29 in ERp44 as Predicted by PROPKA3

  Structure          pKa    Percentage Thiolate at pH 7.5   Percentage Thiolate at pH 6.5   Desolvation   Side-Chain HB   Backbone HB   Coulombic                                          
  ------------------ ------ ------------------------------- ------------------------------- ------------- --------------- ------------- ----------- ------- ------- ------- ------- ------ -------
  WT ERp44 Closed    7.66   40.9                            6.5                             2.09          −0.85           −0.85         −0.46       −0.83   −0.33   −       −0.12   0.01   −
  Δβ16               7.84   31.4                            4.4                             1.06          −0.85           −             −0.46       −0.83   −       −       −0.09   −      −
  Δβ16 MD Snapshot   8.7    5.9                             0.6                             0.71          −0.33           −             −0.04       −0.57   −       −0.03   −0.02   −      −0.02

Deconvolution of the contribution of C29 neighboring residues to the pKa shifts in ERp44. The pKa of residue C29 of the different ERp44 models was predicted using PROPKA3. The percentage of thiolate at a given pH was calculated using the equation %\[thiolate\] = K~A~/(\[H^+^\]+K~A~). The values reported in the Desolvation, Side-Chain HB, Backbone HB, and Coulombic columns are the pKa shifts from the model value in water (9.0) due to the different interactions listed. HB, hydrogen bond.
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